In eukaryotes, DNA polymerase δ (Pol δ) bound to the proliferating cell nuclear antigen (PCNA) replicates the lagging strand and cooperates with flap endonuclease 1 (FEN1) to process the Okazaki fragments for their ligation. We present the high-resolution cryo-EM structure of the human processive Pol δ-DNA-PCNA complex in the absence and presence of FEN1. Pol δ is anchored to one of the three PCNA monomers through the C-terminal domain of the catalytic subunit. The catalytic core sits on top of PCNA in an open configuration while the regulatory subunits project laterally. This arrangement allows PCNA to thread and stabilize the DNA exiting the catalytic cleft and recruit FEN1 to one unoccupied monomer in a toolbelt fashion. Alternative holoenzyme conformations reveal important functional interactions that maintain PCNA orientation during synthesis. This work sheds light on the structural basis of Pol δ's activity in replicating the human genome.
Three DNA polymerases (Pols), a, d and e replicate the genomic DNA in eukaryotes, with the latter two possessing the proofreading exonuclease activity required for high fidelity DNA synthesis 1, 2 . Pol d replicates the lagging strand and may share a role with Pol e in replicating the leading strand [3] [4] [5] [6] [7] [8] [9] [10] . In contrast to the continuous leading strand synthesis, the lagging strand is synthesized discontinuously in ~200 nucleotide (nt)-long Okazaki fragments, which are then ligated to form the contiguous lagging strand 2 .
Synthesis of each Okazaki fragment starts with the low fidelity Pol a synthesizing a ~30 nt RNA/DNA initiator primer. Replication factor C (RFC) then loads the homotrimeric clamp PCNA at the primer/template (P/T) junction 11 . PCNA encircles the duplex DNA and tethers Pol d to the DNA enhancing its processivity from few nucleotides to hundreds of nucleotides per DNA binding event [12] [13] [14] . PCNA has also been shown to increase the nucleotide incorporation rate of Pol d 15 . Additionally, the interaction of PCNA with Pol d is critical for coordinating its transient replacement by other PCNA partner proteins. In the maturation of Okazaki fragments, Pol d invades the previously synthesized Okazaki fragments to gradually displace the RNA-DNA primers for their removal by the PCNA-bound FEN1 16 . In translesion DNA synthesis, Pol d is transiently replaced by a PCNA-bound translesion DNA polymerase to ensure the continuation of DNA replication 17 .
Mammalian Pol d consists of a catalytic subunit and three regulatory subunits ( Figure 1a ). The catalytic subunit (p125) harbours the polymerase and exonuclease activities, and a metal-binding C-terminal domain (CTD). The regulatory subunits (p50, also referred to as the B-subunit, p66 and p12) are required for optimal activity of the holoenzyme 18 and there is evidence of different context-specific subassemblies of Pol d in vivo [19] [20] [21] . In particular, DNA damage or replication stress triggers the degradation of the p12 subunit, resulting in the formation of a three-subunit enzyme with an increased capacity for proofreading 20, 21 . While mammalian Pol d was identified more than forty years ago 22 , the architecture of this essential enzyme and its interaction with PCNA are still poorly understood. The recently published cryo-EM structure of Saccharomyces cerevisiae (Sc) heterotrimeric Pol d bound to (P/T) DNA elucidated the interactions between the catalytic subunit (Pol3, homologous to human p125) and the two regulatory subunits (Pol31 and Pol32, homologous to human p50 and p66, respectively), showing a unique molecular arrangement 23 ; the p12 subunit is absent in Sc Pol d. However, how eukaryotic Pol d achieves processive DNA synthesis and how it cooperates with PCNA and other factors during Okazaki fragment processing remains unknown.
To gain insight into these molecular mechanisms, we used cryo-EM singleparticle reconstruction and determined the structure of the human Pol d heterotetramer bound to (P/T) DNA and PCNA at 3.0 Å resolution (Figure 1b ). We show that this complex exists in alternative conformations where key interactions regulating the holoenzyme activity are lost. In addition, we present the structure of the Pol d-PCNA-DNA-FEN1 complex at 4.0 Å resolution, providing the first structural evidence for the toolbelt model of PCNA function in eukaryotes. We discuss these structures in the context of Pol d function in Okazaki fragment synthesis and maturation.
RESULTS AND DISCUSSION

Architecture of the processive Pol d holoenzyme and interaction with PCNA
We firstly reconstituted a replication-competent holoenzyme comprising Pol d, PCNA, a 25/38 (P/T) DNA bearing a 3'-dideoxy chain terminator in the primer strand and dTTP as an incoming nucleotide. A multi-subunit system was used to optimize the coexpression of human Pol d's heterotetrameric complex in baculovirus-infected Sf9 insect cells. We determined the cryo-EM structure of the Pol d-PCNA-DNA-dTTP complex at 4.1 Å resolution ( Supplementary Figures 1-2 ). Reconstitution of this complex in the presence of FEN1 followed by gel filtration (Supplementary Figure 3) led to an analogous map albeit at higher resolution (3.0 Å; Supplementary in which FEN1 is invisible, as well as to a 4.0 Å resolution map in which FEN1 is visible and could be modelled (see below in the text). We therefore discuss the structure of the Pol (Figure 2 , Inset 2). The CTD residues connecting the two interacting regions (residues 997-1000) are invisible, suggesting that they remain flexible. This is a mode of binding to PCNA not observed before. In particular, the newly identified p125 PIP-box ( 1001 GLLAFA, Figure 1a ), which highly diverges from the conserved PIP-box (with strict consensus sequence Qxxhxxaa, where h is a hydrophobic, a is an aromatic, and x is any residue), adds to the notion that PCNA can bind a diverse range of sequences broadly grouped as PIP-like motifs 24 .
We first performed a replication assay to probe the role of the interaction site involving the IDCL of PCNA on the activity of Pol d. We showed that a PCNA variant in which the key interacting residues were simultaneously mutated (D120A, L121A, D122A and V123E) maintained the trimeric structure ( Supplementary Figure 7 in our structure is a striking observation since functional assays in Sc Pol d showed that three PIP-boxes located in the Pol3, Pol31 and Pol32 subunits are required to achieve processive DNA synthesis 25 . However, the putative PIP-box in Pol31 ( 321 DKSLESYFNG) that is non-conserved in human, is located in a structured region, and would be positioned >40 Å away from the closest binding site on PCNA, suggesting that it may not take part in the interaction with PCNA. Besides the PIP-box on the p125 subunit, human Pol d has two additional PIP-boxes in the p66 and p12 subunits ( Figure   1a ), both of which are able to interact with PCNA 26-28 .The p66 and p12 PIP-boxes are located at the extreme C-and N-terminus of the subunit, respectively (Figure 1a ), and are both in flexible regions invisible in the cryo-EM map. The last visible residue of p66 is Ala144 and that of p12 is Glu42, at approximate distances of 50 Å and 36 Å from the nearest PIP-box site, respectively (Supplementary Figure 9 ). Therefore, both p66 and p12 PIP-boxes may possess a capture radius able to reach one or more of the PCNA binding sites. We performed activity assays to assess the role of each of the three PIPboxes of human Pol d (Supplementary Figure 10 ). We found that mutation of the key residues in the PIP-box of p125 (L1002A and F1005A) severely reduced the activity of Pol d, while mutating the key residues in the PIP-box of p66 (F462A and F463A) or p12 (I7A and Y11A) have minimal effect ( Supplementary Figure 10a ). To investigate the role of the three PIP-box motifs in processivity of Pol d, we added heparin sulphate at the start of the reaction to trap dissociated DNA polymerase molecules. We observed sever defect in the case of the PIP-box mutant of p125 followed by the PIP-box mutant of p12 and no detectable defect in the case of the PIP-box mutant of p66 ( Supplementary Figure 10b ). These results support our structural proposition that the PIP-box on p125 is the primary binding site to PCNA. However, the polymerase occasionally falls off the DNA during synthesis and primarily employs the long-reach PIP-box in the p12 subunit to prevent its dissociation into solution, in agreement with previous findings 21 .
The conserved CysA motif in the CTD of p125, previously reported to be important for the processivity of Sc Pol d holoenzyme 29 , connects to the PIP-box and folds into a zinc finger situated next to one of the outer b-sheets of the PCNA ring ( Figure 2 ). However, mutation of the PCNA residues closest to CysA (L66A and A67E; Figure 2 , Inset 2) did not affect the trimeric structure of PCNA ( Supplementary Figure 7) and the activity of Pol d ( Supplementary Figure 8a ). This suggests that the CysA motif may act as an outrigger that stabilizes the holoenzyme structure and orients its interaction with PCNA rather than directly anchoring the polymerase to the clamp.
Role of the CysB motif and p12 subunit in human Pol d
The CysB motif in the CTD of the p125 subunit (Figure 2b ), which contains an ironsulfur (FeS) cluster 30 , is well resolved in the map (Figure 2c ). We confirmed the presence of the FeS cluster in our Pol d preparation as described previously 29, 31 . A freshly purified Pol d exhibited a yellow-brownish color and a broad absorption band that peaks at ~410 nm (Supplementary Figure 11 ). The extinction coefficient at 410 nm yielded a value of 13576 ± 1981 M -1 cm -1 demonstrating the contribution of 3.4 ± 0.5
[Fe]/[Pol d] (Supplementary Figure 11 ). The FeS cluster therefore is properly incorporated during expression and is maintained to a good extent during purification.
The CysB motif contains the four conserved cysteines coordinating the FeS center and is connected to the zinc finger in the CysA motif by two antiparallel a-helices (helix a1 and helix a2), which are inserted between the catalytic domain and the p50 subunit Figure 12) ; PCNA inhibits the primer extension activity of Pol a 37,38 and modestly increases the activity of Pol e through relatively weak interactions 39,40 . Our results confirm the important structural and functional role of the FeS cluster previously shown in both yeast and human Pol d 29,30 . Jozwiakowski and co-workers showed that, differently from the scenario in yeast 29 , disruption of the FeS cluster does not inhibit the assembly of the human holoenzyme but rather partially destabilizes the tetrameric structure, and this effect is fully reversed by the presence of PCNA 30 . In agreement with this, our structure shows that PCNA critically stabilizes the CTD, and also suggests that the p12 subunit may stabilize the FeS-deficient holoenzyme by providing additional inter-subunit contacts (see below in the text). Loss of FeS leads to strong defects in The CTD connects the catalytic domain of p125 to the p50-p66N subcomplex, which forms an elongated prawn-like structure that projects sideways relative to p125 with no direct interaction with either PCNA or DNA (Figure 1c ). The CysB motif, helix a1 and helix a2, and a loop at the C-terminus of helix a2 interact with the OB domain and the inactive phosphodiesterase domain (PDE) of p50, burying ~2200 Å 2 at the interface ( Figure 2c-d) . The main interface is conserved in the human and yeast complex 23 , and the residues involved (e.g., Glu1048, Arg1060 and His1066 in CysB and Glu136, Asp137 and Glu138 in p50) agree with previous biochemical and genetics studies 42,43 .
However, the interaction involving the hydrophobic C-terminal tail of helix a2 (from Phe1099 to Trp1107), which inserts into a groove below p50PDE (Figure 2d ), is unique to the human holoenzyme, and may further stabilize the catalytic module relative to the regulatory one. Two loops in p50OB (residues 109-1024) and p50PDE (residues 255-270), absent in the crystal structure of the p50-p66N complex 44 , face the p125 subunit but their weak density prevented de novo model building ( Supplementary Figure 13 ).
It has been shown that DNA damage or replication stress induces the degradation of the p12 subunit, a 107-residue polypeptide of previously unknown structure, leading to a three-subunit enzyme with enhanced proofreading activity [19] [20] [21] .
We identified p12 in the cryo-EM map as the cuboidal-shaped density stitched across the p125 and p50 subunits ( Figure 1c ), and we could model the p12 C-terminal portion spanning residues 42-107 ( Figure 1d and 2e-f). The p12 N-terminus, which contains the PIP-box, is instead invisible, suggesting that it is flexible and projects away from the holoenzyme. The p12 fold is rather compact, with approximate dimensions of 30 Å × 20 Å × 20 Å, and consists of three short a-helices and loops interacting with the p125-p50 subcomplex, burying a total of ~1200 Å 2 at the interface. The hydrophobic C-terminal loop of p12 (from Leu101 to Leu107) inserts like a hook into a pocket between the exonuclease domain and the CysB motif, establishing several contacts (Figure 2e -f).
Additional polar interactions are observed between Gln51 on p12 helix a1 and Gly500 on the exonuclease domain, and between Thr62 on p12 helix a2 and Asp1068 in the CysB motif (Figure 2e ). The interactions with the p50OB are instead rather sparse (e.g., Gln68 and Arg72 on p12 helix a2 interacting with Tyr388 on p50). Collectively, these results suggest a role for p12 as a scaffold stabilizing the catalytic module relative to the regulatory module of human Pol d, enhancing the synthetic activity of the holoenzyme 18 ( Figure 2g ). This stabilizing effect may regulate the small angular freedom between the two modules, which was observed in yeast Pol d 23 and suggested to facilitate the transfer of a mismatched primer from the catalytic to the exonuclease active site, a process critical for high-fidelity synthesis 45 and predicted to involve a large rearrangement of the thumb and exonuclease domains 46,47 . Thus, degradation of p12 in response to DNA damage may slow down DNA synthesis, and the consequent increase of Pol d flexibility may be required due to the higher rate of nucleotide misincorporation and frequent transfer of the primer between the pol and exonuclease sites.
Interactions with DNA and implications for Pol d activity
The catalytic module of human Pol d is composed of N-terminal, palm, thumb and exonuclease domains ( Figure 1d Figure 10b ). This is consistent with previous findings showing the corresponding loop in Sc PCNA to be critical for enhancing the catalytic rate of the polymerase 15 . The contact between the two loops is visible in the lowest PCNA tilt conformer (Class 1, 4.3 Å resolution), which is the most populated (65%). However, the density at this contact is weak suggesting that the two loops interact in multiple orientations.
We propose that dynamic interactions among PCNA loops and both the thumb and the CTD of p125 may keep PCNA in a position that is competent for DNA polymerization. In the absence of such interactions (Class 2 and 3), the DNA tilts towards the PCNA inner rim and bends by ~10° to avoid clashing (Figure 3b and c) .
Interestingly, the DNA in Class 2 and 3 is translated vertically by one half of the major groove width relative to the processive holoenzyme ( Figure 3d ). As a consequence, the DNA strand mainly interacting with PCNA in the tilted conformers is the primer strand, while in the processive complex is the template strand. It is possible that this change in DNA positioning occurs frequently and disrupts the interactions of PCNA with the thumb and CTD. The binding via the PIP-box is integral for re-establishing the PCNA interactions with the thumb and CTD.
Structure of the Pol d-PCNA-DNA-FEN1 toolbelt and implications for Okazaki fragment maturation
The Pol d holoenzyme architecture strongly suggests that other PCNA-interacting partners may bind to the PCNA monomers not occupied by the polymerase. Indeed, the strand displacement activity of Pol d and 5'flap cleavage by FEN1 in yeast act processively through iterative 1-3 nt steps of nick translation to ultimately remove the RNA/DNA primer 16 . While these data indirectly support the "toolbelt" mechanism in nick translation, a polymerase-DNA-PCNA-FEN1 complex has not been observed before in eukaryotes. To test this hypothesis, we reconstituted a complex comprising human Pol d, P/T DNA and dTTP, PCNA and FEN1, isolated the complex by gel filtration ( Supplementary Figure 3) , and analyzed it by cryo-EM ( Supplementary Figures 14 and   15 ). We obtained a reconstruction at 4.0 Å resolution (Figure 5a Density corresponding to the cap-helical gateway of FEN1, which forms a hole through which the 5'flap threads and is guided into the active site, is missing, suggesting that the cap-helical gateway is flexible and point outward from the polymerase. The reconstruction fitting a defined FEN1 conformer comprises ~20% of the particle dataset, while the reconstruction from the entire dataset shows no significant density at the FEN1 binding site ( Supplementary Figure 4 ), suggesting that FEN1 may be absent from the complex in a major subset of particles or present in an ensemble of diverging orientations.
The Pol d-DNA-PCNA-FEN1 complex structure reveals various aspects of the mechanism of maturation of Okazaki fragments. FEN1 sits across the template strand and in a proper orientation to bind the downstream duplex DNA when Pol d encounters the previously synthesized Okazaki fragment ( Figure 5b ). Interestingly, the 90° bent angle of the template strand ( Figure 3 , Inset 1) is similar to that required for FEN1 activity 52 . This suggests that Pol d may handoff an already bent nick junction to FEN1 and help in positioning the 5' flap to thread into the cap-helical gateway (Figure 5d ).
However, handing off a bent DNA is not a must for FEN1 activity since FEN1 can actively bend the nick junction in diffusion-limited kinetics 53,54 . Nick translation reaction occurs at rates that are 10-fold faster than nick DNA product release by FEN1 16, [54] [55] [56] .
This suggests that Pol d and FEN1 must be actively handing off their products during nick translation. Our structure suggests that the proximity of FEN1 to the template strand and the potential interaction between FEN1 and Pol d may facilitate their products handoff during nick translation. The preferential binding of FEN1 to the more Protein fractions were pooled, flash frozen and stored at −80 °C.
To express PCNA and its mutants, either WT-PCNA, LA-PCNA, DLDV-PCNA or D41A-PCNA plasmid was transformed into BL21 (DE3) E. coli cells and grown at 37 °C in 2YT media supplemented with ampicillin to an OD600 of 1.2. The cultures were then induced with 0.5 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) and continued to grow for 19 hrs at 16 °C. Cells were then harvested by centrifugation at 5,500 xg for 10 min. The resulting pellets were re-suspended in 3 ml per 1 g of wet cells in lysis buffer [50 mM Tris-HCl pH (7.5), 750 mM NaCl, 20 mM imidazole, 5 mM BME, 0.2% Nonidet P-40, 1 mM PMSF, 5% Glycerol and EDTA-free protease inhibitor cocktail tablet/50 ml].
The cells were lysed with 2 mg/ml of lysozyme at 4 °C for 30 min followed by sonication.
Cell debris was removed by centrifugation (22,040 xg, 20 min, 4 °C) and the cleared supernatant was directly loaded onto HisTrap HP 5 ml affinity column pre-equilibrated with buffer A [50 mM Tris-HCl (pH 7.5), 500 mM NaCl, 20 mM Imidazole, 5 mM BME and 5% Glycerol]. The column was washed with 50 ml of buffer A followed by washing with 50 ml of buffer B [50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 20 mM Imidazole, 5 mM BME and 5% Glycerol] to reduce the salt concentration. The bound PCNA, or its mutants, was eluted with 50 ml of gradient with buffer C [50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 500 mM Imidazole, 5 mM BME and 5% Glycerol]. The eluents were pooled and directly loaded onto HiTrap Q HP 5 ml anion exchange column (GE Healthcare) pre-equilibrated with buffer D [50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 5 mM BME and 5% Glycerol]. After loading, the column was washed with 50 ml of buffer D followed by elution with 50 ml gradient with buffer E [50 mM Tris-HCl (pH 7.5), 1 M NaCl, 5 mM BME and 5% Glycerol]. Eluents were pooled and concentrated to 1.5 ml and loaded onto HiLoad 16/600 Superdex 200 pg pre-equilibrated with gel filtration buffer [50 mM
Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM DTT and 5% Glycerol]. Protein fractions were pooled, flash frozen and stored at −80 °C. Recombinant PCNA used for the cryo-EM study was produced as described 60 .
Human RPA was expressed and purified as described previously 61 and 72 ml ( Supplementary Figure 7a-c) . The two molecular markers eluted at ~77 ml and ~89 ml, respectively ( Supplementary Figure 7d) , at a later retention volume compared to PCNA. Since the PCNA monomer has a molecular weight of ~29 kDa, these results show that in all three forms, PCNA is larger than the largest of the two molecular markers of 75 kDa, therefore it must exist in its homotrimeric form. 10 mins except for D41A-PCNA where the reactions were incubated for 2.5 min; the reaction volume was 30 µl. Primer extension assays for Pol δ and its mutants in the presence of WT-PCNA were carried out at 30 °C for 2.5 min or for 5 min with or without 590 ng/ml heparin. Reactions with or without heparin were initiated with 500 μM dTTP.
The reactions were terminated with 6 µl of stop buffer [180 mM NaOH, 6 mM EDTA and 7.5% Ficoll] followed by heating at 75 °C for 5 min and cooling on ice for 2 min. All products were resolved by running on 1% alkaline agarose gel for 20 hrs at 10 V and visualized using Typhoon Trio (GE Healthcare). To quantify the presence of Fe-S cluster, the extinction coefficient at 410 nm was monitored 29, 31, 36, 63, 64 . It was previously indicated that the protein absorption peak, centered at ~280 nm, and the Fe-S absorption peak, centered at ~410 nm, are separated enough to be considered independent for quantification analysis 63, 64 . Taking into account the Beer-Lambert law at each of these wavelengths, the following system values were determined from the absorption spectra of the four repeats for each of the four Pol d concentrations using the formula described above. The mean e410 extinction coefficient together with its standard deviation (SD) were calculated from the sixteen values. It was previously established that each iron atom contributes with ~4000 M -1 cm -1 to this extinction coefficient when coordinated inside an Fe-S cluster 63, 64 . Therefore, the then integrated using MotionCor2 66 DNA is shown as a yellow ribbon. DNA phosphates within a coulombic interaction distance (<6 Å) from PCNA residues are shown as spheres. Interacting phosphates on the template and primer strands are shown in red and yellow, respectively. Phosphates closer than 5 Å are shown with a larger sphere diameter. PCNA interacting residues are shown as sticks and labeled. The asterisk indicates that the side chain of R149 is flexible, but could approach a phosphate group at a distance <6 Å. PCNA subunits are shown as cartoons and colored in different shades. DNA is shown as a yellow ribbon. DNA phosphates within a coulombic interaction distance (<6 Å) from PCNA residues are shown as spheres. Interacting phosphates on the template and primer strands are shown in yellow and red, respectively. Phosphates closer than 5 Å are shown with a larger sphere diameter. PCNA interacting residues are shown as sticks and labeled. d) Side-view of the processive complex and Class 2 structures aligned using PCNA. The polymerase component is hidden for clarity. PCNA subunits are shown in different shades of blue and the subunit in the foreground is hidden. DNA molecules in the processive and Class 2 complexes are shown as purple and yellow ribbons, respectively. Phosphates interacting with PCNA residues are shown as spheres.
UV-Vis analysis of Fe-S in purified human
Terminal bases of the DNA substrates are labelled. 
